Abstract: This article describes the actual problem for railway transport, maximum thrust without boxing. The classification for dynamic modes operation of the locomotive drive is presented. An example of a system built for locomotive is presented. It is possible to use an encoder and vibration sensor inside a smart axle-box.
I. INTRODUCTION
Improving the consumer qualities and properties of devices in our information age has led to the introduction of the concept of a smart device.
A device is considered smart if it is capable of independently selecting one of the possible operating modes without operator's participation on the basis of information received and processed by it, and also if the device is able to diagnose itself and control metrological accuracy. At the same time, it is legitimate to refer smart devices to devices whose traditional capabilities are expanded with additional functions that allow to get a fundamentally new quality.
One of the important issues of traction vehicle is the possibility of an uncontrolled transition of the normal operation mode of the wheelset to the wheelspin mode (intensive wheel rotation with their sliding relative to the rails). The maximum traction force of the locomotive is limited by the capacity on the adhesion of wheels to rails and the risk of spinning. Spinning occurs when the torque of the wheelset starts to exceed the moment of adhesion of the wheels to the rails.
The spinning process has been known since the time of the first railways. The negative aspects of this phenomenon are also well known: a decrease in effective traction, high dynamic loads in the transmission, as well as intensive wear of wheels and rails. Therefore, the sustainable development (without disruption to spinning) of the maximum possible traction force remains an urgent task, the solution of which allows to save energy (fuel) and reduce the cost of repairing vehicle and track [1] .
The majority of currently used anti-slip systems apply the principle of comparing wheel pair rotation speeds with each other: if the angular speed of any wheel pair sharply increases, then this wheel pair has slipped, and measures must be taken to stop spinning, i.e. put sand under the wheels or reduce traction. Thus, almost all existing systems respond to spinning that has already begun, i.e.bond failure, which increases the rotation speed of the wheelset.
The effectiveness of dealing with spinning depends on how quickly it is detected and time addressed to eliminate it.
There is a reasonable question, is it possible to detect a dangerous mode in terms of bond failure in order to take timely measures and prevent slippage in the maximum traction mode in advance before the bond failure?
In 2001, there was a device developed in Russia [2] , which makes it possible to detect such a state of the "wheel-track" system, in which the probability of skidding reaches its minimum index, but the intensive sliding of the wheels has not yet begun, and there is time to take measures to prevent spinning. In 2009, the basic ideas embedded in the device were experimentally tested and confirmed [3] .
II. METHODOLOGY
Author (s) can send paper in the given email address of the journal. There are two email address. It is compulsory to send paper in both email address.
Let's have a look at a pair of wheels under the influence of traction torque, bite moment and vertical dynamic load.
Its motion is described by a differential equation
is considered as constant and independent of the wheelset rotation speed к  , i.e. its characteristic is a horizontal line. See Fig. 1 .
Fig. 1. The dynamic wheelset model
This simplification is made due to the following reasons: it is necessary to find an informative sign of the transition of the system from a stable dynamic state to an unstable one, not depending on what kind of traction characteristic it has and at what exact value of the traction moment or sliding speed this transition occurs (from traction to spinning). Performing the procedure for (1) of transition to dynamic coordinates described in [4] , we get the following:
where the sharpness of the ascending section of the 
Solving (2) by the method of complex amplitudes, we find the expression for the amplitude of the forced oscillations of the angular velocity of the wheelset:
The expression (4) is obtained for the constant sharpness of the ascending section of the adhesion characteristic.
But  can make sense of equivalent damping э  nonlinear system, if its movement is close to harmonic, and the amplitude of the oscillations is equal to the amplitude of the oscillations of the linear (linearized) system. Such a comparison of linear and nonlinear systems in the theory of oscillations is called the harmonic linearization method. This method is traditionally used to determine the amplitude of oscillations of a nonlinear system. In this case, the harmonic linearization method is used to identify the parameter (damping) of linear and nonlinear systems.
Expression (4) that defines ка  through  and other parameters are used to determine equivalent damping э  through ка  and the same model parameters obtained by numerical modeling of a nonlinear system, i.e. systems of a similar structure but with a nonlinear friction characteristic:
The considered nonlinear system (1) with increasing М  (shifting it to the maximum moment of adhesion) the instantaneous values of the angular velocity of sliding begin to exceed the кр  (Fig. 2) . The equilibrium point appears briefly on the falling section of the adhesion characteristic with a negative slope, which corresponds to negative damping and helps to reduce the average value of э  , and increase in amplitude ка  . Therefore, you can judge the nature of the process of implementing traction by the size of э  .
Quantitative assessment of dependence of э  and ка  from the value of М  will be obtained by solving the nonlinear Then the traction moment increased in proportion to the integration time (at a rate of 1.0 kN m/s) until a breakdown in the boxing mode. The initial conditions were calculated using the formula 
  max min 0,5
as well as the value of э by the formula (5) .
The calculation results are presented in Fig. 2 . It can be seen from Fig. 2a , b that as the traction moment increases, the amplitude of the angular velocities and wheel pair accelerations increases. It is extremely important to give a quantitative and qualitative assessment of the transition regime, in particular: -determine the beginning of the transition mode (the beginning of the increase in amplitude); -determine the boundary conditions for the end of the transition regime and the beginning of spinning. э  value gives this assessment .
It is the equivalent damping value that characterizes the process that occurs while wheel contact when creating traction. Such a criterion is invariant with respect to the type of adhesion characteristic. It reflects the result of the interaction of the wheel with the rail. reaches zero, then we get the maximum stable mode of maximum traction, as even a slight increase in traction moment will lead to a spinning breakdown. Such an extreme steady mode can be considered the final stage of the spinning transition.
Changing э  affects the dynamic performance of the wheel-motor unit, such as forward axlebox acceleration and the dynamic component of the angular velocity of the wheelset. Let's prove this statement on an extremely simplified mathematical model of a support-frame traction drive -see Fig. 3 .
The torsional system in this case consists of a wheel pair and rotating masses of the drive, the inertial torque of which are given to the axis of the wheel pair. There is no kinematic relationship between the angular coordinates of the torsion system and the linear coordinates of the wheelset.
Fig. 3. The design scheme of the traction drive to study the transition from traction to spinning
This model is described by a system of differential equations in dynamic coordinates:
After
Solving the linear system (9), the spectral densities of the accelerations of the generalized coordinates of the model and their mean square values (RMS) when changing  within 0 -1000 kNms.
Relative indicators are of practical interest.
The calculation results are shown in Fig. 4 and Fig. 5 . In Fig. 4 , the bottom boundaries of the family of curves correspond to the traction mode, and the upper ones correspond to the extreme of the bite mode.
Thus, we take the longitudinal acceleration of the axlebox and the dynamic components of the angular spinning speed of the wheelset as an informative sign of the transition process. A characteristic feature of the adopted model of the support-frame drive is that the dynamic processes in it don't depend on the moving direction. In the models there is a difference in the dynamic processes in the drives due to the transport delay of the disturbance under the first and second wheelsets along the way that describe the trolley with two wheel-motor blocks, due to the relationship between the galloping vibrations of the trolley and the vibrations of the torsion drive systems. But this difference is negligible.
As far as we can see in Fig. 5 , the amplitudes of the angular accelerations of the wheel pair and the armature significantly change in the transition mode. This is due to the fact that with a decrease of  the torsion system rushes to non-oscillatory motion with zero frequency, i.e. an increase in the spectral densities of the coordinates of the torsion system in the surrounding frequency 0   .
In terms of informativeness, the longitudinal acceleration axleboxes are quite sensitive to changes  : during the transition from traction to spinning, their rms values change by 8 -10 times. The root-mean-square value of the normalized (to the spectrum of vertical accelerations) spectral density changes by the same amount. Therefore, the need for standardization in the case of a support-frame drive is doubtful.
Field tests can answer this question. The physical meaning of increasing the amplitudes of forward spinning accelerations of the axle box with decreasing equivalent damping in wheel contact is that the dissipative characteristic of the longitudinal connection of the wheel with the rail decreases (almost to zero), and the disturbing effect of the dynamic forces in the wheel contact remains at the same level. This feature of the transition mode is clearly visible in the system analysis (9) , in particular, the second and fourth equations. Therefore, the adoption as informative signs of a transitional regime of forward accelerations of axleboxes is quite justified.
In the spinning and use detection device [5] , the principle of which is based on the analysis of dynamic processes in the support axial traction drive, acceleration sensors are installed on the traction motor body at the point of its suspension from the carriage frame. But the accelerations at the traction motor attachment point differ from the angular accelerations of the traction motor housing. They contain information about the vibration of the torsion system, as well as about longitudinal and vertical accelerations of the axle box. With a corresponding correction of the signal by installing an additional dual acceleration sensor on the axle box, the efficiency of the recognition of the transition mode increases significantly, which was confirmed experimentally during experimental drive tests.
There are two axle boxes per wheel pair. But it's enough to control the acceleration of one of the axle boxes for the device operation. Additional information about the state of contact of the friction wheel contact to increase the reliability and completeness of the information can be obtained from the sensor of angular velocity (acceleration) of the wheelset.
The parameters measured by the sensors are processed by an electronic computing device according to a certain algorithm [2] , as a result of which informative signs of the state of wheel contact are formed. The condition of frictional wheel contact for each wheelset can be conditionally divided, for example, into three specific values: 1. traction mode is stably implemented (the probability of bond failure is almost zero); 2. there are signs of unstable traction (the probability of bond failure is 0.7-0.9); 3. the development of slippage is inevitable at the earliest time (the probability of bond failure is more than 0.9). Decisions are made in accordance with the condition of friction contact. For condition 1, everything remains unchanged and the traction continues. In condition 2, sand is supplied under the wheels to increase the adhesion forces of the wheel contact. In condition 3, it is urgent to reduce traction to prevent slipping according to a certain law. Maintaining traction at the same level in condition 3 is not advisable, since with the development of spinning, the resulting traction force can fall by 40-60%, and its further restoration will be accompanied by increased wear of the wheels and rails and dynamic loads in the transmission.
Each condition corresponds to a specific digital signal (code), which is fed to the input of the device for controlling traction and sand supply.
III. RESULTS
The installation diagram of the sensors and the main dimensions of the electric locomotive are shown in Fig. 6 .
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In order to maximize noise immunity, the processing of sensor signals must be performed in the immediate vicinity of the sensors themselves, i.e. combine in one structural module both the sensor and the microprocessor, which issues a digital signal to the control device about the condition of the wheel contact with the rails. Then the friction contact state recognition functions (device 1) will be transferred to the microcontrollers located on the axle boxes, and the generated status codes of each wheel pair can be directly transferred to the traction control unit 2 -dashed arrow in Fig. 6 .
One of the possible options for placing sensors and a microcontroller on the cover of an electric locomotive axle box is shown in Fig. 7 .
The presence of microcontrollers in the sensors allows you to implement more complex algorithms for processing information and issuing a signal about the increasing probability of spinning. So, for example, when using a microcontroller with a Cortex-M3 core (examples are STM32F103 [8] and 1986 BE92QI [9] ), you can use neural networks trained on an array of data taken from real boxes.
This will significantly improve the reliability of slip probability estimation algorithms. The trained neural network, then, can be converted into code for the microcontroller, And today it is already being implemented in semi-automatic mode (using the X-Cube-AI toolkit [6] [7] [8] [9] or its analogs). More complex implementations of neural networks with the possibility of self-learning in the process of work will require an increase in the computing power of the core on board the sensor, but as a result there will be a system that adapts to changes in the wheelset during the entire period of operation.
Thus, the accelerometer sensors and the angle sensor of the axle-wheel pair axis placed on the axle box cover give the axle sensory qualities. And the signal processing microcontrollers located in the immediate vicinity of the sensors turn an ordinary box into a smart box. From the point of view of increasing the intelligence of devices, the sensors of a smart axle box are intelligent sensors.
The main difference between an intelligent sensor and an ordinary is the presence of built-in electronics. However, in different standards the definition of "intelligent", "smart" (according to IEEE terminology [11] ) has significant differences. For example, in terms of the Russian standard on intelligent sensors and measuring systems, a mandatory requirement for an intelligent sensor is the presence of additional measures in the sensor using a different physical measurement principle (compared to the basic sensor measure). From the point of view of metrology, the sensor remains a measuring transducer, and by definition it should not contain electronics capable of switching from a converted electrical signal (for example, in volts) to a directly measurable physical quantity (for example, vibration velocity). According to the requirements of metrologists, this is no longer a sensor, but a measuring device (for example, a vibrometer).
The development of technology and the reduction in the cost of electronics, for its part, are shifting the processing and calculating devices closer to the monitoring object. The profit is obvious: instead of transmitting an analog signal subject to noise, it transmits a digital signal (moreover, not a digitized version of the analog signal, but a set of calculated parameters required for the monitoring system). With the development of electronics, it was possible to observe how, at first, blocks with electronics were placed near the sensors at a distance of 30-40 cm, and then the filling of the blocks decreased in size, the blocks were integrated into the cable connectors, and then into the cases of the sensors themselves. The question arises: why do we need such a tight integration of electronics with a sensitive element? Basically, to reduce the cost of cables, it is enough to have an electronic unit integrated with the connector; additional miniaturization is not required to install the electronics in the sensor housing.
Nevertheless, the installation of electronics in the sensor housing gives additional results that are not related to the price of cable management (this stage was completed in 2012-2013). One of the first unexpected results was the possibility of a deep self-diagnosis of the sensor, the presence of electronics inside the sensor made it possible to introduce many of heterogeneous signals directly onto the electronics board without raising the cost of the external connector (as well as without increasing the noise level affecting these service signals). This made it possible to give the sensor the ability to assess the quality of its functioning and working conditions; if a defect was suspected of occurrence and development in the element of the measuring system, a message was popped up indicating that sensor must be replaced.
The second important result was the possibility of full self-calibration and self-monitoring of the sensor. For example, it became possible to generate a reference signal with its transmission to an additional piezo plate for vibration sensors. This allows you to evaluate the operation of the entire measuring path without using a vibration bed.
The introduction of such additional functions in the sensors of physical signals allows you to develop intelligent measuring points that increase not only the registration and transmission of data, but also provide high reliability of the entire measuring system.
Thus, the basis for building a smart axle box is an intelligent sensor that accurately measures the rotation speed of the wheelset (with high resolution in amplitude and a frequency band of at least 100 Hz) and an intelligent sensor that measures vibration acceleration in the frequency band 10 -2000 Hz with a resolution of low 14-16 bit. Until recently, rotational speed sensors with a resolution of 12 bits or more were not available (or structurally unsuitable for using them in the axle box), however, today, IDM-Plus LLC (Zelenograd) has developed ASIC for constructing high resolution encoders based on rotating magnets [12] [13] [14] [15] [16] [17] [18] . The parameters of such a sensor make it possible to use it as the main one for recording the breakdown condition. Moreover, the margin on the sampling frequency (4 MHz) allows the signal to be averaged and thereby increase the resolution of the sensor at lower frequencies. For example, summing 16 consecutive samples of a signal with subsequent decimation of the signal by 16 times allows you to increase the resolution of the conversion to 13 bits (with uncorrelated interference).
National research university of electronic technology MIET (Zelenograd) also developed an ASIC chip for monitoring the state of mechanisms based on vibration data [19] [20] [21] , which can be used to create a traction control system that implements the principle of spinning forecasting.
IV. DISCUSSION
The main problem in implementing the assessment of the contact mode of the wheel with the rail is the registration of small fluctuations in the angular velocity of the wheelset. The encoder registers the dependence of the angular coordinate on time (Fig. 8, constant speed movement) .
Fig. 8. Encoder signal
The signal is noisy, and is periodic with a period equal to 2*π radians. The frequency can be removed by adding an integer number of revolutions to the corner.
Classical numerical differentiation of this signal by the formula h y y y
leads to significant oscillations in the angular velocity ( Fig.  9 ). Fig. 9 . A numerical estimate of the angular velocity of a pair of wheels based on expression (10) We use a third-order smoothing cubic spline to evaluate the derivative of a noisy signal [19] 32 ,1 ,2 ,3 ,4
The smoothing spline differs from the interpolation one in that the requirement of the spline graph passing through the given points is replaced by a compromise between the two following requirements:  the spline chart should lie as close to the given points as possible;  the smoothness of the resulting curve should be as large as possible. Let ƒ (x) be the smoothing spline, and (x k , y k ) k=1,2,...,n be the input data. As a measure of the smoothness of the spline ƒ (x), we choose the integral characteristic of its derivative
where m is a number, that 2m is the order of the spline, which for a cubic spline is 4 (degree minus 1), i.e. for a cubic spline, the measure of smoothness is
As a measure of proximity choose a weighted total deviation of the spline from the source data:
At this point the weight w k are usually chosen as the weights of the generalized quadrature formula of the trapezoid. Then we can set some accuracy ε and look for a smoothing spline that minimizes the expression ( ) ( ) E f F f  , (15) where the parameter ρ is chosen from the condition
To find the coefficients Сik of the spline (11) taking into account the minimization of expression (15) , it is necessary to solve a system of N linear equations with a 5-diagonal matrix with a positive main diagonal. Such systems are quite well solved by the sweep method [19, [22] [23] [24] [25] [26] . The approximation by the smoothing spline allows, in addition to the function itself (in our case, this is the angle), to obtain its two continuous derivatives (angular velocity and acceleration) ( Fig. 10 ). The result on a larger scale ( Fig. 11) : As one can see from the figure, the oscillations in comparison with the classical digital differentiation decreased by 3,000 times! The angular speed of 1 rad/sec corresponds to the movement mode with a constant linear speed of 71 km/h. The angular acceleration in this case is 0. A further decrease in the oscillations can be carried out in two ways:  preliminary median filtering with a window equal to 25 ms (for a band of 100 Hz);  an increase in the smoothing parameter ρ for the spline approximation to values close to 1 [27] [28] [29] .
V. CONCLUSION
Equipping the axle box with sensors combined with information processing microchips transpasses it into a series of smart devices that can collect and analyze information up to the level of signal output for decision-making.
The basis of the smart box decision block can be a neural network, the inputs of which are fed from the scores of an encoder, a vibroaccelerometer of longitudinal and transverse accelerations, as well as a temperature sensor. The output of the neural network is a signal characterizing the state of the box (basic, transient mode, failure mode).
The first neural network (Fig. 12 ) is used to assess the condition of the axle box bearing according to the RMS/Peak ratio for high-frequency vibration data, RMS vibration acceleration or low-frequency vibration velocity, and also based on the analysis of harmonics of the envelope spectrum of narrow-band high-frequency vibration. This neural network provides signs of bearing degradation, as well as signals of a preemergence or emergence condition of the bearing. The second neural network predicts a possible beginning of the process of disruption of traction and transition to the user mode. All digital processing is distributed between the ASIC of the vibration sensor, the ASIC of the encoder and the microcontroller of the processing and data analysis unit. As you can see from Fig. 21 processing is well parallelized, at each stage the amount of data is reduced by several orders of magnitude. So, if analog data is digitized at a frequency of 250,000 Hz, then the data frequency from the ASIC vibrations arrives at a frequency of 10 Hz at the input of a neural network, and at a frequency of 500 Hz from the encoder. Neural networks generate data with a frequency of 5-10 Hz (this is sufficient for making management decisions).
Intelligent sensors of such a system can be placed directly on the lid of the axle box, which will require minor refinement of the design of the lid only, and minimal changes to the traction control system with axial power control. Such smart axle boxes can be used not only on the newly created traction rolling stock, but also for the modernization of the existing railway. We emphasize that the system for early recognition of coupling-limit modes can also be used during braking to exclude spinning.
Using such systems is extremely important for urban rail transport, which in its dynamic qualities should not be inferior to road transport.
